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Abstract. In symbiotic processes, different organisms coexist stably
and interact by sharing with same metabolites and environmental condi-
tions. A symbiotic process of a lactic acid bacterium, Lactococcus lactis
sub species lactis (ATCC11454) and diary yeast Kluyveromyces marz-
ianus is studied in this paper. A mathematical model of the symbiotic
process composed of two microorganisms is developed by integrating two
pure cultivation models. A cascade pH controller coupled with the dis-
solved oxygen (DO) control is newly developed and lactate consumption
activity of K. marzianus is controlled by changing the DO concentra-
tion. The pH and lactate are kept stably at constant levels and both
microorganisms grow well. Stability of this symbiotic process with dis-
turbance of inoculums sizes of both microorganisms is investigated. The
dynamic behavior of fusion process of independent two bionetworks is
also discussed.

1 Symbiotic Process and Microbial Interaction

Microbial ecosystem, which consists of abundant genus of microbial populations,
takes an important role for maintaining a microcosm as well as carbon and nitro-
gen circulation in global environment. From ancient age, people utilize complex
microbial functions to produce many substances, such as foods, brewing drinks,
pharmaceuticals and so on. Most fermented foods are produced by mixed cul-
tures acting on various substrates. Cheese, yogurt, pickles, whiskey and Japanese
rice wine sake are some examples of fermented foods. Numerous interactions,
such as competition, predation, commensalism, mutualism, happen between mi-
crobial communities. Especially, combination of lactic acid bacteria (LAB) and
diary yeasts (DY) is the most popular for making diary and brewing products
in the world. And their interaction, which is usually mutualism, affects taste
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and flavors of the product, stability and productivity in their processes. One of
typical examples of microbial interaction of LAB and DY is studied in this paper.

Living organisms are complex systems with multidimensional hierarchical net-
works, composed of gene, protein, and metabolic networks, respectively. Living
cells have ability to flexibly change the topology of complex bionetworks in or-
der to survive under many unexpected environmental conditions. In symbiotic
systems, bionetworks composed of two different microorganisms fuse together
by sharing with same nutrients in the environments. In the case that nutrients
are competitively taken by two organisms, competition phenomenon happens
among two microorganisms. When metabolic wastes from one microorganism
become nutrients for the other microorganism, commensalism phenomenon hap-
pens. When the metabolic wastes show inhibitory effect for the producing mi-
croorganisms, the cleaning up of the wastes by the different microorganism makes
favorable condition and mutualism phenomenon happens [1I]. In this paper, we
study behavior of a symbiotic process with a lactic acid bacterium, Lactococcus
lactis, and diary yeast, Kluyveromyces marzianus.

Certain strains of L. lactis produces a food preservative nisin[2]. In the LAB
fermentation process, the growth inhibition happens due to the accumulation of
lactate and the decrease in pH [3]. In this study, a new pH control strategy with
microbial interaction was developed. The concept of this strategy is shown in
Fig.1. The L. lactis assimilates maltose as a carbon source and produces lactate.
K. marzianus, which was isolated from kefir grains, does not have ability to
assimilate maltose, while it has ability to assimilate lactate. Since the consump-
tion rate of lactate is affected by dissolved oxygen (DO) concentration, lactate
concentration and pH are controlled by manipulation of DO concentration. One
measure of symbiotic process is how good growth of both microorganisms is.
Since nisin is produced as growth associated, nisin production is a good indica-
tor of how good symbiotic process is working.

The activity of the microorganisms can be represented as specific reaction
rates, that is, reaction rates per unit cell concentration. Specific reaction rates
of both microorganisms, including specific growth rate and the specific produc-
tion rate of lactate by L. lactis, and the specific consumption rate of lactate
by K. marxzianus are examined in pure cultures. Based on the information of
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Fig. 1. Microbial interaction and removal of lactate
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specific reaction rates of both microorganisms, a symbiotic process with micro-
bial interaction of both microorganisms is developed. Nisin production is used
as an indicator of the bioprocess and it is compared with that of pure cultivation
process of L. lactis.

2 DMaterials and Methods

2.1 Microrganisms and Methods

L. lactis subsp. lactis ATCC 11454 was used as a nisin producing lactic acid
bacterium. K. marzianus MS1 was isolated from kefir grains by ourselves. Con-
centrations of maltose, yeast extract, and peptone in main culture were 40, 10,
and 10 g/L respectively, and for fermentation with high cell concentration they
are set 60, 40, and 40 g/L, respectively.

2.2 Analysis

Cell concentrations of the pure cultivation processes were measured as dry cell
mass and optical density (OD). The viable cell concentrations of L. lactis
and K. marzianus in the symbiotic process were determined as colony form-
ing units (CFU) on selection media. Concentrations of L-lactate, acetate, and
formate in the medium were analyzed enzymatically. Ethanol concentration was
measured by gas chromatography. Glucose concentration was measured using a
glucose analyzer (Model 2700, YSI Inc., OH). Maltose concentration was mea-
sured after hydrolysis to glucose. Nisin concentration was measured by a bioassay
method based on the method of Matsuzaki et al. [4].

2.3 Cultivation Method

Before main cultivation was performed, culture size was scaled up by two steps
in order to increase the amount of cells with high growth activity. Main cultures
were performed in a 5 L jar fermentor (EPC Control Box, Eyla, Japan) equipped
with temperature, pH, dissolved oxygen (DO) concentration and gas flow control
systems, respectively. The working volume was 2 L. Air or nitrogen was supplied
to the fermentor for aerobic or anaerobic cultivation conditions, respectively. In
this study, the cascade control strategy was applied in order to control pH level
via DO control by manipulating the agitation speed. Other detailed methods
were described previously [5].

3 Pure Cultivation Porcess of L. lactis

The time course of pure cultivation process of L. lactis under anaerobic con-
ditions without pH control is as shown in Fig. 2. The pH decreased below 5.0
within 3 h due to increase in the produced lactate. The cell growth was com-
pletely terminated after 6 h and the concentration of nisin was 7.4 mg/L. The
specific growth rate (ur) of L. lactis and specific production rate of nisin (px)
without pH control were 0.30 h=! and 4.0 mg-nisin/g-cell/h, respectively.
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Fig. 3. Effect of DO concentration on the specific rate of consumption of lactate by
K. marzianus

4 Pure Cultivation Process of K. marzianus

The specific lactate consumption rate of K. marzianus was determined under
aerobic conditions. The effect of dissolved oxygen (DO) concentration on lactate
consumption rate by K. marzianus is shown in Fig. 3. The maximum specific
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rate of lactate consumption of K. marzianus (v1), was about 0.7 g/g-cell/h,
which was greater than the maximum specific rate of lactate production of L.
lactis under aerobic conditions. Thus, it was expected that lactate produced by
L. lactis would be completely consumed by K. marxianus. The vy, decreased lin-
early as DO concentration decreased in the range below 2 mg/L as shown in Fig.
3. When the lactate concentration was expected to be decreased, the DO concen-
tration level should be increased and the specific rate of lactate consumption of
K. marzianus is enhanced. On the other hand, lactate concentration was ex-
pected to be increased; the DO level should be decreased and the specific rate
of lactate consumption of K. marzianus is attenuated.

5 Development of Symbiotic Bioprocess of L. lactis
and K. marxianus

As shown in Fig.1, a symbiotic bioprocess of L. lactis and K. marzianus was
developed. In order to keep lactate and pH at constant, a novel cascade con-
trol system was designed, taking into account of microbial interaction. Figure 4
shows a flow diagram of the automatic cascade controller of coupling of pH with
DO control in the symbiotic process. The PI and PID control strategies were
employed for the automatic control of DO and pH controllers.

RpH RDO AGT Dynamlc DO Dynamlc pH
DO =i system system >
controller controller
— PID — of DO of pH
(PI control)
control)
DO sensor |«
pH sensor |«

Fig. 4. A cascade pH controller incorporated with DO control

6 Development of Mathematical Model of Symbiotic
Process of L. lactis and K. marxianus

A mathematical model of a symbiotic process was developed to optimize a pH
cascade controller in the symbiotic process consisting L. lactis and K. marzianus.
The symbiotic process model was developed by integrating individual models of
L. lactis and K. marxianus in pure cultivation processes.
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6.1 Mathematical Model of L. lactis

The Lactic acid bacterium L. lactis produce many metabolites hetero-fermenta
tively such as lactate, acetate, acetoin, formate, nisin and so on. The concen-
trations of cell of L.lactis (X 1), maltose (Sar), lactate (L), acetate (A), acetoin
(AT), formate (F'), and nisin (N) are represented, respectively, as follows

Cell growth

dXp
P e (1)
Maltose consumption
dS
déw = VMXL (2)
Lactate production
dL
g =P (3)
Acetate production
dA
g = PaXe (4)
Acetoin production
dAT
g ParXr (5)
Formate production
dF
—orX 6
g = PPXL (6)
Nisin production
dN
=ponX 7
g = PNXE (7)

where pr, vy, pL, PA, PAT, PF, PN are specific rates of growth, consumption
of maltose, production of lactate, production of acetate, production of acetoin,
production of formate, production of nisin, respectively. Effects of environmental
conditions on specific rates are involved into the model mathematically [6].

Computer simulation was performed for the pure cultivation process of
L. lactis, using the mathematical model. A satisfactory approximation to the
experimental data was given by the mathematical model as shown in Fig. 5.
Additionally, oxygen consumption was observed under aerobic condition. Oxy-
gen consumption rate (qo2xr) of L. lactis is calculated based on NADH/NAD™
balance from the stoichiometric equations in the metabolic pathway as:

dvm 4+ Pa 4 PF

qoaxr = MW M;VA MWr (8)

where MWy, MW 4, MWpE are molecular weights of maltose, acetate and for-
mate, respectively.
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Fig. 5. Simulation and experimental result of pure cultivation process of L. lactis

6.2 Mathematical Model of K. marzianus

The cell growth and lactate consumption of K. marzianus are represented in

Egs. (9) and (10), respectively. Concentrations of cell of K. marzianus(X k) and
lactate (L) are represented as follows:

Cell growth

dX kg
g = XK 9)
Lactate
dL
=—uv X 10
dt VLAK (10)

where px and vy are specific rate of cell growth and lactate consumption of
K.marzinaus, respectively. Effects of DO concentration on specific consumption
rate of lactate is shown as in Fig. 3. Computer simulation for the pure cultivation
process of K. marzianus was performed. It was found that the model gave a
satisfactory approximation to the experimental data as shown in Fig. 6.

6.3 Mathematical Model of Symbiotic Process of L.lactis and
K. marzianus

In the symbiotic process, both models of pure cultivation processes of L. lactis

and K. marxianus were integrated into one model. Mass balance of lactate is
represented as
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Fig. 6. Simulation and experimental result of pure cultivation process of K. marzrianus

dL
dt = PLXL — VLXK (11)

Since the dissolved oxygen (DO) concentration affected the specific consumption
rate of K. marzianus as shown in Fig.3, balance of the DO concentration in the
symbiotic process was involved in the model as:

dcC
5 kra(C* — C) — Mo2(qo2xt + qo2xK) (12)

where kpa, C, C*, are the mass transfer coefficient of oxygen, dissolved oxygen
concentration and its saturated value, respectively. Mo2, qo2x1, qo2x Kk are the
molecular weight of oxygen (defined as 32000 mg-O2/mol), oxygen consumption
of L. lactis and oxygen consumption of K. marxianus, respectively. The DO
concentration was monitored by a DO sensor with delay shown as:

dCrEs

= Rlate - 1
i kiate (C — CrmEs) (13)

where C'yyps is the measured value of oxygen and kj.te is a time constant,
determined experimentally as 1/8 (1/sec). The dynamics of the pH change in
the medium with time is described as shown in Eq. (14) as :

Xp—vp X X X
dpH _(MW5?1+L105§H+LPKL) + MWL(1i/f0—LI>H+PKA) + MWF(lJprI;O_LT’H‘H’KF))
dt K +In10(10—PH 4+ 10PH-14 4 termyp, + terma + termp)
(14)
where termp, term 4, and termp are represented, respectively as
L 10-PH+PKL
termy, = MWy (14 10-pH+pEL )2 (15)
A 10— PH+PKA
termy = (16)

MWy (14 10-PH+pK4)2
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F 10— pH+PKF
MW (14 10-PH+pKr)2
MWy, pKy, pKa, pKp, and K are the molecular weight of lactate, dissocia-

tion constants for lactic acid, acetate and formate, and a consatnt parameter,
respectively.

termp = (17)

7 Optimization of Symbiotic Control Process of L. lactis
and K. marzianus by Simulation Study

To keep the lactate in low level by microbial interaction of L. lactis and
K. marzianus, the cascade pH control system as shown in Fig. 4 was devel-
oped. Because the pH in the medium was controlled by the lactate consumption
of K. marzianus and the specific lactate consumption rate was controlled by
manipulating the DO concentration, a cascade controller coupled with the DO
control was developed. The consumption rate of lactate by K. marzianus was
decreased linearly as the DO concentration decreased in the range below 2 ppm

(a) Kp=0.1ppm 7 ;=lmin 7 ,=150min (C) Ky=1ppm 7 =10min <t ,=15min
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Fig.7. Simulation results of the pH cascade control. (a) Kp=0.1 ppm, Ti=1
min,Td=150 min; (b) Kp=1 ppm, Ti=5 min, Td=15 min; (¢) Kp=1 ppm, Ti=10

min, Td=15 min.
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Fig. 8. Experimental result of pH control with microbial interaction

as shown in Fig.3. When the lactate concentration was expected to be decreased,
the DO level should be increased, and the specific consumption rate of lactate
by K. marzianus is enhanced.

Simulation was performed for tuning the control parameters. Parameters of
the PID controller to give the set point of DO are tuned optimally, because
the control performance of the PID controller was significant for entire control
performance. The application of the mathematical model to optimize the perfor-
mance of this control system, are shown in Figs. 7 (a), (b), and (c), respectively.
A pH set point was set 6.0 in this case. The best performance of this control
system to stabilize the pH was found when the parameters of the controller was
set at Kp = 1 ppm, Ti = 10 min and Td = 15 min. In this condition, the PID
control system was tuned so that the fluctuation was less than 0.5 units in the
simulation. It was confirmed that The pH value was controlled at 6.0 during
the fermentation as shown in Fig. 8. The nisin concentration finally reached at
200 mg/L, indicating the symbiotic process well worked.

8 Robustness and Stability of the Symbiotic Control
Process

8.1 Experimental Evidence of the Stability of the Control Process

When inoculum size of L. lactis is greater than the expected value, or inocu-
lum size of K. marzianus is less than the expected value, lactate is not com-
pletely assimilated by K. marzianus and pH decreases. In such a case, growth of
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Fig. 9. Stability test for uncertainty of inoculum size

L. lactis is expected to be inhibited. Figure 9 shows the result of the stability test
for uncertainty of inoculum sizes of both microorganisms. In this case, imbalance
of cell of K. marzianus was inoculated, which is 1/10 less than that of optimal
inoculum size. Due to imbalance of the cell concentrations of both microorgan-
isms, lactate was accumulated and pH was decreased to 4.9. As a result, growth
of L. lactis was stopped at 4.5 h. However, lactate was assimilated gradually by
K. marzianus and both microorganisms well grew after 8h. Nisin concentration
reached to 190 mg/L in this case. It was experimentally proved that this control
system was robust for such uncertainty of inoculum size of microorganisms.

8.2 Symbiotic Network Analysis

It is found that a symbiotic process of a lactic acid bacterium L.lactis and di-
ary yeast, K. marzianus shows stable behavior. The environmental conditions
such as pH and DO concentration are kept constant levels. Even though the
initial cell concentrations of the both cells are imbalanced, the process goes to
the stable states. Interaction of both microorganisms in the symbiotic process by
sharing the common metabolites and environmental condition are illustrated in
Fig.10 (a). Arrows indicate enhancement of microorganisms’ activities or in-
crease in the metabolites concentrations in the environment, while stop bars
indicate inhibition of microorganisms’ activities or decrease in metabolites con-
centrations in the environmental condition. Solid and dotted lines indicate active
and inactive interactions and nodes, respectively.
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Fig. 10. Illustration of symbiotic network: behavior of symbiotic network in the cases
that both microorganisms grow well (a), the K. marzianus concentration is much lower
than that of L. lactis (b), and L. lactis concentration is much lower than that of K.
marzianus (c), respectively. The both cases of (b) and (c) autonomously recovers to
the orignial status of (a). Arrows indicate enhancement of microorganisms’ activities or
increase in the metabolites concentrations in the environment, while stop bars indicate
inhibition of microorganisms’ activities or decrease in metabolites concentrations in
environmental condition. Solid and dotted lines indicate active and inactive interactions
(and nodes), respectively. LAB: L.lactis, DY: K. marzianus.

When K. marzianus concentration is much lower than that of L. lactis, the
action from K. marzianus is negligible compared with activity of L. lactis. The
active network in this situation is illustrated in Fig.10 (b). In this case, lac-
tate is accumulated and pH is decreased, which causes the stop of cell growth of
L. lactis and dynamic behavior of entire network are slow down for a while. After
K. marzianus grows as much as L. lactis and lactate concentration is decreased
gradually, the original activity of network as shown in Fig. 10 (a) recovers au-
tonomously. In the pure cultivation process of L. lactis, this autonomous recover
is not possible as shown in Fig.2.
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On the other hand, when L. lactis concentration is much lower than that
of K. marzianus, lactate concentration goes down for sufficient growth of it
K. marxianus. In this case, K. marzianus growth is also inactivated due to de-
pletion of lactate, and dynamic behavior of entire network is slow down for a
while as shown in shown Fig.10 (c). After L. lactis grows as much as K. marz-
ianus, and lactate concentration is gradually increased, the original activity of
network as shown in Fig. 10 (a) recovers autonomously in this case as well.

In the symbiotic processes, more than one microorganism highly interact each
other as shown in the case of this study. In the case that the activity of one mi-
croorganism slows down, this issue affects on the activity of other microorganisms
and activity of the entire bionetwork slows down. As a result, the entire system
waits for the recovery of the activity of the microorganisms, and avoid the stu-
ation that the only one microorganism becomes a winner. When the activity of
the microorganism recovers, the entire bionetwork also recovers autonomously.
This concept would be useful for creation of a autonomous recovery system in
information technology.

9 Conclusions

The symbiotic process of L. lactis and K. marzianus stably worked well. The pH
was well controlled by the cascade controller with the microbial interaction. This
controller was robust for uncertainty of inoculum sizes of microorganisms. The
indicator of the symbiotic process, nisin concentration reached 200mg/L and this
value was 20 times greater than that in pure cultivation process without control
of pH. The dynamic behavior and autonomous recovering process are discussed
when the cell amounts of the both microorganism are imbalanced.
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